In order to determine how cells change their morphology during adhesion process to a substrate, we focused on the actin cytoskeleton and investigated its morphological change along with that of the whole cell during adhesion process. An osteoblastic cell line MC3T3-E1 was used as the test model. We plated cells whose cell cycle had been synchronized by serum starvation on fibronectin-coated glass plate and cultured them for 10 min to 24 h. We then stained their F-actin and nucleus and observed them with a fluorescent microscope for cell area and shape index and 2D parameters for actin morphology, and with a laser scanning microscope for 3D morphology of actin and nucleus. In the beginning of adhesion, the trypsinized cells were round and their nuclei were surrounded uniformly by thick layer of actin. The actin layer in the upper side became actin aggregate (AA) and lower side dense peripheral band (DPB) in 30 min. The upper AA then became smaller and finally to actin filaments (AFs) spanning the cell top. The DPB expanded and finally became AFs on cell bottom by 1 h. The nucleus becomes flattened possibly due to compression by the cell membrane caused by the expansion of the DPB in the early stage of adhesion. In the later stage of adhesion, the number of AFs continuously increased and nucleus became flattened more and more until 12 h. This may be caused by the increase in the top AFs that may compress the nucleus. Cells become more elongated in response to further alignment of AFs until 12 h. These results indicate that change in AFs during adhesion process is complicated not only temporally but also spatially.
Introduction
Intracellular actin filaments (AFs) play important roles in cellular functions. For instance, they provide internal mechanical support, tracks for movements of intracellular materials, and generate force to maintain the cell shape and causes cell movements such as cell division, formation of pseudopodia and lamellipodia, and locomotion (Pollard and Cooper, 2009; Dennis Bray, 2001) . They also respond to cyclic strain of substrate and remodel themselves and align in the direction with minimal strain (Takemasa, et al., 1997 (Takemasa, et al., , 1998 Nagayama, et al., 2012) .
It is well known that when cells that became spherical after trypsinization are seeded on a substrate, the cells adhere to the substrate and spread greatly over time. During this process, AFs generate tension and pull on the extracellular matrix (ECM) via the focal adhesions which are large protein complexes organized at the basal surface of the cell to maintain the cell shape (Goffin, et al., 2006) . However, why and how do cells make such a big change? It is still a mystery, but it is certain that the actin cytoskeleton play a key role. So it is necessary to observe the dynamics of actin during adhesion process. Senju and Miyata (2009) reported that spreading cells possessed different forms of actomyosin bundles corresponding to the cell shape. Circular bundles and dorsal stress fibers are formed by 1 h after plating the cells. At 2-3 h, cells showed a polygonal and polarized shape, the percentage of the cells having circular bundles was decreased, whereas that of the cells with straight bundles of AFs was increased. At 4h after the plating, cells were completely polarized and stress fibers were present at the periphery and the dorsal and ventral surfaces of the cells. However, they focused only on the bottom side of the cell. In recent years, several studies have reported that the mechanical properties of AFs are different between the apical and basal side of the cells. For example, Nagayama et al. (2013) found that the apical stress fibers shortened more than basal after laser dissection. Chambliss et al. (2013) reported that actin cap fibers respond more rapidly and more dynamically to shear flow than conventional actin stress fibers at the basal surface of cells.
Many studies have demonstrated that actin cytoskeleton generate tension to the ECM and have pivotal roles on biomechanical responses of cells. However, few studies have investigated that how actin changes and constructs complex AF network during cell adhesion process from the spherical state after trypsinization. In this study, we focused on the top and bottom side of the cell and observed the morphological changes of actin along with whole cell during adhesion process.
Materials and Methods

Cell culture
We used MC3T3-E1 cells (RCB1126, RIKEN Cell Bank, Japan), a mouse osteoblastic cell line, as the test model. Khatau et al. (2009) reported that the appearance of actin cap depends on the cell cycle. To reduce the influence of cell cycle, we synchronized cell cycle via a serum starvation technique (Kelly, et al., 2011) . Briefly, the cells were seeded on the plastic dish in minimum essential medium alpha modification (Wako, Japan) supplemented with 10% fetal bovine serum (Biowest, France) and penicillin (100 unit/ml) and streptomycin (100 mg/ml, Sigma, USA). After 24 h, the medium was removed and the cells were washed with phosphate buffered saline (PBS, Nissui, Japan). The cells were then cultured for 72 h in the similar medium but containing only 0.1% FBS to induce G0 arrest. We then trypsinized the cells and plated them on glass bottom dishes (D111400, Matsunami, Japan) coated with fibronectin (100 μg/mL, Sigma, USA) under sparse condition (30 cells/mm 2 ), and cultured them in the standard culture medium for 10, 20, 30, 40, 50, 60 min, and 3, 6, 9, 12, 15, 18, 21, 24 h. The cells were cultured in a humidified 95% air-5% CO 2 incubator at 37°C.
Fluorescence imaging
After cultured for 10 minutes to 24 hours, the cells were fixed with PBS containing 3.7% formaldehyde for 5 min, permeabilized with PBS containing 0.5% TritonX-100 (ICN Biomedicals, USA) for 7 min, then stained for F-actin with Alexa Fluor488 Phalloidin (Molecular Probes, USA), and for the nucleus with Hoechst33342 (Molecular Probes, USA). Epifluorescent images were acquired using a CCD camera (DP70, Olympus, Japan) mounted on an inverted microscope (IX71, Olympus, Japan) with a 40x objective (PlanAPO, N.A., 0.95, Olympus, Japan). Confocal images were acquired using a laser scanning confocal microscope (FV1200+IX81, UPLSAPO100XO, N.A., 1.40, Olympus, Japan).
Image processing and analysis
We used free software ImageJ ver.1.47 (NIH, USA) for image processing of the epifluorescent images. Firstly, we processed the background with the command "Subtract Background", then traced the cell outline manually to obtain projected area and shape index of the cells as shown in Fig. 1(a) . To study the difference between top and bottom AFs quantitatively, we then performed an image analysis of AFs on top and bottom of the nucleus. We categorized actin morphologies into three types based on the morphology of AFs within the nuclear region: Type A with no AFs in the nuclear region, type B with AFs in the nuclear region but none of them crossing at two points with nuclear periphery, and type C with AFs crossing at two points with nuclear periphery ( Fig. 1(b) ). Then we calculated the percentage of each type to the total cells, measured the orientation angle of AFs to the major axis of the cell which is defined as the major axis of the ellipse fitted to the cell outline, and the number of AFs which are crossing at two points with nuclear periphery. We used software FV10-ASW 4.0 (Olympus, Japan) for 3D reconstruction of confocal images. 
Statistical analysis
Data were expressed as mean ± SD. Differences were analyzed by the Student's paired and unpaired t-test. Data were assessed with correlation analysis between the cell projected area (or shape index) and the culture period. P-values < 0.05 were considered significant for all analyses. Figure 2 shows the typical fluorescent images of actin and nucleus focused on the top and bottom of the cell. The cell shape changed drastically during adhesion process. We noted that an actin aggregate (AA) appeared over the nucleus in the beginning, and then a dense peripheral band (DPB) appeared at the cell periphery. AFs then became prominent in the cells after 60 min. We also noted that AFs in the top and bottom side of the nucleus have a different morphology. Details will be shown in Section 3.3. To evaluate the change of cell shape, we measured projected area and shape index of the cells. We found that the projected area showed a monotonous increase over time (Fig. 3(a) , (c)), while shape index seemingly increased until 1 h, then decreased (Fig. 3(b Fig. 3 Change in cell morphological parameters during adhesion process. Change in projected cell area in whole culture period (a) and its details in 10 to 60 min (c), shape index in whole culture period (b) and its details in 10 to 60 min (d). Red line presents the correlations between the cell projected area (or shape index) and the culture period.
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Three-dimensional morphology of actin and nucleus
An example of change in 3D morphology of actin and the nucleus during adhesion process is shown in Fig. 4 . In the beginning, the nucleus was wrapped uniformly with a thick layer of actin. The thick layer became thin in 10 minutes especially at the bottom of the nucleus, and a DPB appeared at the cell periphery and an AA appeared over the nucleus. The DPB became expanded, while the AA became smaller over time. Figure 5(a) shows the time course changes in the percentage of cells with AAs and the number of AFs over the nucleus. We can see, through visual inspection, AAs disappeared completely in 6 hours and AFs appeared over the nucleus at the same time. Figure 5(b) shows the change in the height of the nucleus. Generally speaking, the nuclear height of cells in two-dimensional environment decreased over time. Specifically, it decreased significantly from 10 to 30 minutes and 6 to 12 hours. 
Top-bottom difference in AFs
Discussion
In order to determine how cells change their morphology during adhesion process to a substrate, we investigated the morphological change of actin cytoskeleton and nucleus along with that of the whole cell during adhesion process. We found that 1) the projected area showed a monotonous increase over time, while shape index increased until 1 h and then decreased, 2) the nuclear height decreased over time, 3) actin in the upper and lower side of the cell had different morphological changes. Figure 8 summarizes hypothetical morphological changes during adhesion process. In the beginning, the nucleus was surrounded uniformly by the thick layer of actin, and then bottom side became thin. The actin in the upper side becomes AA and lower side DPB. The upper AA became smaller and finally to the top AFs. The lower DPB expands and finally became bottom AFs and peripheral AFs. The nucleus becomes flattened possibly due to compression by the cell membrane caused by the expansion of the DPB. In the late stage, the AFs continuously increase and nucleus became more flattened at 12 h. This may be caused by the increase in the top AFs that may compress the nucleus. Cell becomes more elongated in response to further alignment of AFs. Similar time course changes in cell shape have already been reported by Prager-Khoutorsky et al. (2011) . They found that the HFFs cells became polarized at 6 h after plating on the rigid PDMS substrate with the Young's modulus of 2 MPa, while the cells on a compliant PMDS substrate with the modulus of 5 kPa didn't, and attributed this difference to the absence of the maturation of focal adhesions (FAs). As a mechanosensing machinery, FAs may have an ability to make the cell acquire a polarized morphology following interaction with an appropriate substrate. Maturation of FAs may have also occurred in the present study. The details of change in FA morphology during adhesion process of MC3T3-E1 cell will be reported in a separate study (Wang et al., submitted) .
It is interesting to note that top and bottom AFs had different morphological changes in number and orientation. These changes indicate that top and bottom AFs have different behavior. Such difference has been reported in recent studies. For instance, not the bottom AFs but the actin cap, i.e., top AFs, regulates nuclear shape in mouse embryo fibroblasts (Khatau, et al., 2009) . In NIH3T3 fibroblast cells cultured on nanopillars, the actin cap form a uniform pressure pushing the nucleus towards the substrate, while the basal AFs, i.e., bottom AFs, yielding a localized pressure on the nucleus nearest each nanopillar (Hanson, et al., 2015) . Nagayama et al. (2013) reported that the apical cap fibers aligned more in the direction of cell major axis and bear higher tension, while the basal stress fibers aligned obliquely to the cell major axis and bear lower tension in a smooth muscle cell line A7r5. We obtained similar results in mouse osteoblastic cell line MC3T3-E1 that top AFs aligned more in the direction of cell major axis, while bottom AFs randomly aligned.
The top-bottom difference in morphological behavior of AFs might be due to such heterogeneity of focal adhesions (FAs). It has been reported that the FAs associated with actin cap are longer and bigger in size, faster in turnover than the conventional FAs connecting stress fibers (Kim, et al., 2012) . We have obtained similar heterogeneity of FAs: Peripheral FAs that might be associated with top actin are bigger than those beneath the nucleus (Wang, et al., submitted) . Because it has been reported that bigger FAs bear higher traction force (Fu et al., 2010) , the top AFs which connecting bigger FAs may bear higher tension than bottom AFs, which corresponds to previous observation by Nagayama et al. (2013) . Difference in tension might be caused by the difference in the amount of myosin II contained in AFs. Tojkander et al. (2011) reported that the dorsal stress fibers located near the cell bottom do not contain myosin II and do not contract, while perinuclear actin cap located on cell top contains myosin II and contact. Thus, myosin II distribution may be different between top and bottom of a cell, and such heterogeneity might also be a reason for the top-bottom difference in the FAs. Actin cap fibers firmly connected to the nuclear membrane over the apical surface of the nucleus, while the basal stress fibers have weak connection to the nuclear membrane (Nagayama, et al., 2013) . Such difference in connection with the nucleus might cause the top-bottom difference, either.
In our study, we observed cells fixed at different periods after plating to find that the top AFs appeared at the same time when AAs disappeared and speculated that AAs change into AFs. However, we did not observe this change directly, and also it is not clear whether all of AFs came from the AAs or part of them did. In fact, the change in actin protein is dynamic in living cells. So, it is necessary to investigate the dynamics of actin using fluorescent protein such as GFP-actin. In addition, only one type of cell was used in this study. To check whether the cell behavior observed in the present study is ubiquitous or not during the adhesion process, we need to confirm our findings with different cell types especially with epithelial cells because the actin cytoskeleton plays important roles in establishment and maintenance of the polarized epithelial phenotype (Chifflet and Herná ndez, 2012) . It has been reported that tension plays a key role in morphological changes of actin (Hayakawa, et al., 2011) . We are planning to use live cell imaging technique and FRET technology (Meng and Sachs, 2011) to observe actin dynamics and to measure the tension generated by actin.
In conclusion, we observed morphological changes of actin filaments during the adhesion process, and found that change in AFs during adhesion process is complicated not only temporally but also spatially. Our results may provide important knowledge for understanding the mechanism of cell adhesion process which is important to maintain cell shape and normal cell function. 
